Human immunodeficiency virus type 1 (HIV-1) incorporates several host proteins. Earlier studies have indicated that such foreign constituents can modulate the virus life cycle, although the potential roles that these proteins might play in the viral pathology in vivo remain unclear. In an attempt to shed light on this issue, we first exposed explants of human lymphoid tissue to isogenic viruses except for the presence or absence of host-derived ICAM-1.
Enveloped retrovirus particles are formed by extrusion (budding) through the host cell membrane, a process during which the newly formed viral entities become coated with a lipid bilayer derived from the cell membrane. At this stage, the virus-encoded envelope glycoproteins are inserted within the lipid envelope. The incorporation of surface glycoproteins into newly formed viral entities is not restricted to the homologous glycoproteins, as exemplified by the observation of viral pseudotyping. For example, pseudotyping of heterelogous viral glycoproteins has been reported to occur for Rous sarcoma virus that can carry influenza virus hemagglutinin protein (9) and for murine retrovirus and members of the lentivirus subfamily that can insert vesicular stomatitis virus G protein (45) . The low selectivity of the process governing glycoprotein incorporation into retroviral particles is most likely responsible for the observation that retroviruses incorporate a plethora of cell-derived proteins in their envelopes. It is thus not surprising to find that propagation of human immunodeficiency virus type 1 (HIV-1) within its target cells results in the insertion of numerous foreign constituents into the virus envelope. The exterior surface of HIV-1 has been demonstrated to be constituted of numerous host cell membrane proteins such as major histocompatibility complex class I (MHC-I) and MHC-II (i.e., HLA-DR, HLA-DP, and HLA-DQ determi-nants), CD43, CD44, CD55, CD59, CD63, CD71, CD80, CD86, and adhesion receptors such as ICAM-1 and LFA-1 (1, 2, 5, 14, 15, 46, 52, 54) .
Previous studies with established lymphoid cell lines, as well as primary peripheral blood mononuclear cells, have clearly shown that several virion-anchored host proteins are still functional and may thus participate in the pathogenesis of HIV-1 infection. For example, virion-associated foreign proteins can modulate several steps in the virus life cycle, including the attachment of virions to target cells, binding avidity between virus and cell, host cell range, and neutralization susceptibility of virions (reviewed in reference 62). Specifically, the presence of host cell membrane ICAM-1 on HIV-1 particles has been shown to lead to a marked enhancement of virus infectivity due to enhanced interaction between virion-bound host ICAM-1 with its physiological LFA-1 counterreceptor located on the surface of target cells (17, 49, 50) . This direct contribution of host-encoded ICAM-1 proteins to enhancement of virus infectivity was unequivocally demonstrated when experiments were conducted in the presence of blocking agents of the ICAM-1-LFA-1 interaction. It was also shown that ICAM-1-containing virions were more resistant to antibody-mediated neutralization, and this decreased sensitivity to neutralization was dramatically increased when target cells expressed on their surface the activated form of LFA-1 (18, 19) .
Human follicular dendritic cells (FDCs) can capture HIV-1 particles and render such viruses highly infectious to surrounding CD4-expressing T lymphocytes. It should be noted that ICAM-1 and LFA-1 adhesion molecules play a crucial role in the interaction between HIV-1 particles and FDCs (22, 34) .
However, the precise contribution of virally embedded host ICAM-1 protein in the replicative cycle of HIV-1 has never been fully investigated in a cellular microenvironment that contained both FDCs and CD4 ϩ T cells. Previous reports have indicated that secondary lymphoid organs constitute preferred anatomical sites for HIV replication and propagation (12, 20, 21, 47, 48, 57, 60) . Human lymphoid tissues contain germinal centers that are vital for the production of memory B and T cells. The germinal center microenvironment is composed of centroblasts, centrocytes, FDCs, macrophages, CD4 ϩ and CD8 ϩ T lymphocytes, and dendritic cells (4, 31, 35, 36, 39, 40) . Glushakova et al. have previously developed an experimental cell system for the histoculture of human lymphoid tissue that supports productive infection with various HIV-1 isolates without any requirement for exogenous activation or stimulation (23, 24) . This tissue culture system has been shown to preserve the general cytoarchitecture found in normal human lymphoid tissue, including a network of FDCs. In the present study, we used sections of human lymphoid tissue cultured ex vivo to define whether the increase in HIV-1 infectivity mediated by host-encoded ICAM-1 that is detected in continuous lymphoid and primary cells can still be seen in such a native microenvironment. Here we report that ICAM-1-bearing HIV-1 particles replicate to greater levels in human lymphoid tissue and mediate a more dramatic CD4 ϩ -T-cell depletion than isogenic virions devoid of host-derived ICAM-1. The physiological relevance of our data is provided by the observations that HIV-1 particles expanded in cultures of human lymphoid tissue incorporate host ICAM-1 and that replication of clinical and laboratory strains of HIV-1 in such tonsil tissue explants was inhibited by agents known to abrogate ICAM-1-LFA-1 interaction. These results suggest that the process of incorporation of host cell membrane molecules such as ICAM-1 into mature HIV-1 influenced the biological properties of the virus in lymphoid tissue ex vivo and that this factor should thus be considered an important determinant of HIV-1 pathogenesis.
(This work was performed by Salim Bounou in partial fulfillment of the requirements for a Ph.D. from the Microbiology-Immunology Program, Faculty of Medicine, Laval University, Ste-Foy, Quebec, Canada.)
MATERIALS AND METHODS

Production of virus stocks.
Isogenic virus particles differing only by the absence (ICAM-1/NEG) or the presence (ICAM-1/POS) of host-derived ICAM-1 proteins on their outer membranes were produced by calcium phosphate transfection in the 293T cells, as described previously (7, 17) . Briefly, a typical transfection experiment was achieved by using vectors encoding fully infectious or recombinant luciferase-encoding viruses (i.e., pNL4-3, pJR-CSF, p89.6, pHXB-Luc, and pNL4-3-Luc Ϫ E Ϫ R ϩ in combination with pcDNA-1/Ada-M) in the presence or absence of an ICAM-1 expression vector (i.e., pCD1.8). Primary clinical HIV-1 isolates 92HT599 (X4) and 92TH026 (R5) were expanded in peripheral blood mononuclear cells obtained from healthy donors. All virus preparations underwent only one freeze-thaw cycle before initiation of infection studies. Virus stocks were normalized for virion content by using a p24 antibody capture assay developed in our laboratory (see below). The standardization on p24 contents is based on our previous observation indicating that virus preparations harvested from transfected 293T cells contain minimal amounts of p24 that are not associated with infectious virions (17) .
p24 antibody capture assay. The measurement of virus-encoded p24 protein was determined by an in-house enzymatic assay. Briefly, flat-bottom 96-well plates (Immulon 2; Dynatech, Ltd.) were initially coated with 183 H12-5C, a monoclonal anti-p24 antibody. After the wells were washed and blocked with 1% bovine serum albumin (Sigma, St. Louis, Mo.), viral lysates were added to the wells at various dilutions, along with samples of known p24 concentration (recombinant purified p25gag/SF2, kindly supplied by Chiron Corporation), in order to establish a standard curve. After a 60-min incubation at 37°C, the plates were washed, and a second biotinylated anti-p24 monoclonal antibody (i.e., clone 31-90-25) was then added. After a 1-h incubation at 37°C, the plates were washed, and a spreptavidin-peroxidase conjugate (Steptavidin-HRP-40; Research Diagnostics, Inc., Flanders, N.J.) was added; this was followed by the addition of the TMB-S substrate (Research Diagnostics, Inc.). After 30 min at room temperature, the reaction was terminated by adding 1 M H 3 PO 4 , and the absorbance was measured at 450 nm. Unknown p24 values were calculated on the basis of regression analysis of p24 standards over a linear range of 31.25 to 2,000 pg/ml.
HIV-1 infection of human lymphoid tissue ex vivo. Human tonsillar tissue removed during routine tonsillectomy and not required for clinical purposes was processed within 4 h of excision. The tonsils were washed thoroughly with medium containing antibiotics and then sectioned into thin blocks of 2 to 3 mm 2 . These tissue sections were placed on top of collagen sponge gels in the culture medium at the air-liquid interface and infected with similar amounts of each virus stock (3 to 5 l containing 2.5 ng of p24). Lymphoid tissue was either left untreated or treated with the anti-LFA-1 TS1/22.1 antibody (2 g/ml) or the anti-CD3 OKT3 antibody (2 g/ml) for 5 min at 37°C before virus inoculation. At 72 h after infection, cells were lysed and virus-encoded luciferase activity was monitored by using a microplate luminometer (MLX; Dynex Technologies, Chantilly, Va.). In some experiments viruses were pretreated for 30 min at 37°C with the anti-ICAM-1 RR1/1.1.1 antibody. To normalize the infection of histocultures, we inoculated two tissue blocks from the same donor in four separate wells of a 24-well plate with equal amounts of either ICAM-1/NEG or ICAM-1/POS viruses, based on the p24 content. The extent of virus production in cells infected with fully competent viruses was assessed by monitoring the level of p24 in culture medium bathing tissue blocks at different time points.
Antibodies and purified proteins. The anti-ICAM-1 (anti-CD54) antibody RR1/1.1.1 was provided by Robert Rothlein (Boehringer Ingelheim, Ridgefield, Conn.) (51) . The anti-LFA-1 ␣-chain antibody (anti-CD11a, clone TS1/22.1) was obtained from the American Type Culture Collection (Manassas, Va.). Fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G (IgG) was purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, Pa.). OKT3 hybridoma produces a murine monoclonal antibody specific for an epitope on the epsilon-subunit of human CD3 and was obtained from the American Type Culture Collection. Antibodies from this hybridoma were purified with mAbTrap protein G affinity columns according to the manufacturer's instructions (Pharmacia LKB Biotechnology AB, Uppsala, Sweden).
Detection of virion-bound host ICAM-1 proteins by a virus capture assay.
The presence of virion-bound host ICAM-1 proteins was semiquantitatively estimated by using a modified version of a previously described virus capture assay (5) . Briefly, 12.5 ϫ 10 6 magnetic beads (BioMag, Fc specific; PerSeptive Diagnostics, Inc., Cambridge, Mass.), previously coated with the anti-ICAM-1 RR1/ 1.1.1 antibody, were incubated with similar amounts of studied virus preparations standardized in terms of the viral core p24 protein (2,500 pg of p24) in a final volume of 1 ml of binding medium (phosphate-buffered saline plus 0.1% bovine serum albumin). This mixture was incubated for 1 h at 4°C on a rotating plate. The beads were washed three times in binding medium with a magnetic separation unit and then resuspended in 100 l of binding medium. The amount of immunocaptured HIV-1 particles was assessed by measuring the viral p24 protein content found associated with the immunomagnetic beads. Magnetic beads coated with an antibody specific for human CD45RO (clone UCHL-1) were used as a negative control because CD45 has been shown to be excluded from the HIV-1 envelope (14, 46) . Flow cytometry. Flow cytometry analysis was performed on cells mechanically isolated from control and infected human tonsils. We chose mechanical tissue disruption for cell isolation from histocultures in order to avoid any possible enzymatic digestion of cell surface markers, which might affect the flow cytometry results. Briefly, cells were mechanically isolated from tissue blocks on day 10 after infection and stained with the Tritest kit (Becton Dickinson, San Jose, Calif.) comprising a mixture of anti-CD3-PerCP, anti-CD4-FITC, and anti-CD8-PE antibodies. Depletion of CD4 ϩ T cells is expressed as a ratio of CD4 ϩ to CD8 ϩ T cells.
RESULTS
ICAM-1-bearing HIV-1 replicated to a higher level in human lymphoid tissue ex vivo than their isogenic ICAM-1/NEG counterpart.
We have previously shown that incorporation of VOL. 76, 2002 HOST ICAM-1 AND HIV-1 PRODUCTION IN TONSILS ICAM-1 alone increased HIV-1 infectivity for LFA-1-expressing cells by up to 10-fold (17, 49) . We also described that the conformational state of LFA-1 through an influence on the affinity of LFA-1 for ICAM-1 represents another factor that can augment virus infectivity for peripheral mononuclear cells and lymphoid cell lines by an order of magnitude (18, 19) . Given that some of the most critical events in HIV-1 disease occur in human lymphoid tissue and that blocks of human lymphoid tissue cultured ex vivo have been reported to support productive infection with HIV-1 without exogenous stimulation (23-25), we infected human lymphoid tissue ex vivo with pairs of isogenic viruses differing only in the acquisition of a single species of host adhesion molecule, i.e., ICAM-1. Flow cytometry was first used for a quantitative analysis of the frequency of LFA-1-expressing cells recovered from human tonsils that were mechanically dispersed into single-cell suspensions. Flow cytometry analysis revealed that the majority of cells found in histocultures of human tonsils do express high levels of LFA-1 on their surfaces ( Fig. 1A) . Next, the contribution of virion-anchored ICAM-1 adhesion molecule to HIV-1 infectivity for human lymphoid tissue was addressed by using single-cycle reporter virus. Similar amounts of isogenic ICAM-1/NEG and ICAM-1/POS HIV-1 particles (as standardized in terms of viral p24 protein) that are competent only for a single round of replication were used to infect histocultured blocks of human tonsils derived from several donors. The presence of host-encoded ICAM-1 protein on the HIV-1 envelope resulted in a 5-to 10-fold increase in virus infectivity after inoculation of histocultured tonsils with either T-tropic ( Fig.  1B) or M-tropic isolates of HIV-1 (Fig. 1C) . These experiments were performed with different donors giving reproducible results. This suggests that the marked enhancement of HIV-1 infectivity conferred by the incorporation process of a specific adhesion molecule such as ICAM-1 could be demonstrated in a natural microenvironment.
To further substantiate the relative contribution of virally embedded host ICAM-1 protein to virus infectivity, we infected lymphoid histocultures with fully competent T-cell/X4 (i.e., NL4-3), macrophage/R5 (i.e., JR-CSF), and dual/R5X4 (i.e., 89.6) HIV-1 isolates. The infectious viruses, as was the case for luciferase reporter viruses, were applied to the top of blocks of human tonsil tissue, and the concentration of p24 in the medium was measured at various times during infection. The increase of p24 level was first detected in the culture medium at day 3 after infection, and its concentration rose steadily, reaching a peak by 6 to 9 days after virus inoculation (Fig. 2 ). Fully infectious ICAM-1-bearing NL4-3 (X4), JR-CSF (R5), and 89.6 (R5X4) isolates of HIV-1 were all found to replicate at higher levels in human tonsil histocultures than were isogenic virions devoid of host-derived ICAM-1. These data indicate that virion-associated host cell ICAM-1 protein is still functional on the exterior of HIV-1 when infection occurs in lymphoid tissues cultured ex vivo.
Enhancement of HIV-1 infectivity for cultured human lymphoid tissue is due to the interaction between virion-bound host ICAM-1 and cell surface LFA-1. We next attempted to define the basis for the augmentation in virus infectivity conferred by the acquisition of ICAM-1, the physiological counterligand of LFA-1. Isogenic ICAM-1/NEG and ICAM-1/POS HXB-Luc particles were treated with RR1/1.1.1, an anti-ICAM-1 antibody known to abrogate the ICAM-1-LFA-1 interaction (43) . The process of infection with viruses devoid of foreign ICAM-1 was unaffected by a pretreatment with the anti-ICAM-1 antibody, whereas infection with ICAM-1/POS X4 luciferase reporter viruses was significantly diminished by this treatment (Fig. 3A) . Comparable results were obtained when explants of human lymphoid histocultures were pretreated with the anti-LFA-1 ␣-chain TS1/22.1 blocking antibody ( Fig. 3B ). Infection of human lymphoid tissue with macrophage-tropic HIV-1 pseudotypes that bear in their envelope host ICAM-1 protein was also similarly affected by either a pretreatment of virus with RR1/1.1.1 antibody or a pretreatment of target cells with TS1/22.1 antibody (Fig. 3C) .
Enhancement of HIV-1 infectivity is further augmented by activation of LFA-1 in lymphoid tissue explants. LFA-1 plays an important role in the initiation of immune responses by promoting cell-to-cell contacts. LFA-1-mediated cell adhesion requires its activation from a low-to a high-avidity-high-affinity state for its ligands that can be induced by the cross-linking of surface receptors such as the TCR/CD3 complex or upon treatment with phorbol esters (10, 51, 64) . Thus, we set out to define whether the conformational state of LFA-1 could modulate the susceptibility of human lymphoid tissues cultured ex vivo to infection by ICAM-1-bearing virus. To achieve this goal, lymphoid tissue blocks were pretreated with anti-CD3 antibodies (i.e., OKT3) that induce the high-avidity-high-affinity LFA-1 state. Results from Fig. 4 demonstrate that infectivity of ICAM-1/POS X4 and R5 viruses was further accentuated when target cells present within human tonsils expressed an OKT3-mediated activated form of LFA-1. No such enhancing effect upon HIV-1 infectivity was noticed after pretreatment with an isotype-matched control antibody. Virus infectivity was also unaffected when infection was allowed to proceed with isogenic ICAM-1/NEG virus (data not shown). The process of HIV-1 infection was also enhanced when lymphoid tissue blocks were pretreated with NKI-L16, an anti-LFA-1 antibody known to activate LFA-1 (data not shown) (37) .
The acquisition of host ICAM-1 by X4 virions results in a more extensive CD4 ؉ -T-cell depletion. CD4 ϩ -T-cell depletion is a hallmark of HIV-1 pathogenesis and since virally acquired host ICAM-1 protein enhances HIV-1 infectivity in human lymphoid tissue, it can be inferred that this enhancement may result in a greater cytopathic phenotype. To rigorously test the hypothesis that insertion of host ICAM-1 into the virus envelope causes a more massive T-cell depletion, we compared X4 (i.e., NL4-3) and R5 (i.e., JR-CSF) viruses bearing or not on their surface host ICAM-1 for their ability to deplete CD4 ϩ T cells from ex vivo human tonsil histocultures. A quantitative analysis of CD4 ϩ and CD8 ϩ T lymphocytes recovered from HIV-1-infected and control blocks of human lymphoid tissue was performed by using flow cytometry. The number of cells per explant and the ratio of CD4 ϩ to CD8 ϩ T cells varied from experiment to experiment; therefore, the HIV-1-infected tissues were always compared with noninfected controls obtained from the same donor. In agreement with our previous results (Fig. 2 ), histocultures of lymphoid tissue supported productive viral infection with fully infectious X4 and R5 viruses (Fig. 5A ). We found that the degree of depletion depends on the HIV-1 isolate tested. A significant decline in CD4 ϩ T lymphocytes in histocultures was evident with the T-tropic isolate of HIV-1, while infection with the R5 molecular clone of HIV-1 resulted in a minimal depletion of tissue CD4 ϩ lymphocytes (Fig. 5B) . These findings are in support of previous results, indicating that infection with X4 but not R5 strains of HIV-1 results in CD4 ϩ -T-lymphocyte depletion in this experimental system (24) . Infection with ICAM-1-bearing HIV-1 NL4-3 particles resulted in a greater CD4 ϩ -T-cell depletion in human lymphoid tissue histocultures than did inoculation with isogenic virions negative for host-encoded ICAM-1 protein (ratios of CD4 ϩ / CD8 ϩ T cells of 5.7 versus 0.7). No such enhancement of CD4 ϩ -T-cell depletion was noticed with the R5 strain JR-CSF. These data provide evidence that the presence of host-derived ICAM-1 protein increases the ability of infectious X4 HIV-1 to induce depletion of CD4 ϩ T cells in human lymphoid tissues ex vivo.
Productive infection of human lymphoid tissue with clinical strains of HIV-1 is inhibited by a blocker of ICAM-1-LFA-1 interaction.
Next, we attempted to establish the physiological significance of ICAM-1 incorporation. This goal was reached by determining whether antibodies to ICAM-1 impact productive infection of tonsillar tissue with clinical strains of HIV-1 produced in primary mononuclear cells. First, a virus capture assay revealed that the clinical X4 92HT599 and R5 92TH026 isolates of HIV-1 were found to carry in their envelope hostderived ICAM-1 protein (data not shown). Next, such virus preparations were pretreated with the anti-ICAM-1 RR1/1.1.1 antibody before inoculation of human tonsillar tissue maintained ex vivo. Productive infection of human tonsil tissue with both clinical isolates of HIV-1 was significantly diminished by an antibody-mediated blockade of ICAM-1-LFA-1 interaction (Fig. 6 ). Virus production was not affected by a pretreatment of virus stocks with an isotype-matched control antibody. In light of such findings, it can be concluded that the additional interaction between virion-anchored host ICAM-1 and cell surface LFA-1 represents an important event for productive infection of lymphoid tissue ex vivo by primary isolates of HIV-1. lymphoid tissue. ICAM-1 is an inducible cell surface constituent that is primarily expressed on lymphocytes, monocytes/ macrophages, granulocytes, and certain epithelial cells, and its expression can be markedly increased (58) . Since human tonsil histoculture is a system that preserves and maintains the mixed cell populations found in secondary lymphoid organs (i.e., CD4 ϩ and CD8 ϩ T cells, B cells, macrophages, and dendritic cells) (42), we therefore sought to assess and compare the degree of incorporation of ICAM-1 in viruses originating from transiently transfected 293T cells versus virions expanded in human tonsil histocultures. The incorporation of host ICAM-1 into the HIV-1 envelope was assessed by using a virus capture assay (3) . First, flow cytometry was performed for a quantitative analysis of the percentage of ICAM-1-expressing cells in human tonsils that were mechanically dispersed into single-cell suspensions. As depicted in Fig. 7A , a high proportion of ICAM-1-positive cells was found in this tissue. Next, HIV-1 NL4-3 and HIV-1 JR-CSF were grown in human tonsil histocultures and were subjected to a virus precipitation assay. In this test, an anti-CD45 antibody was used as a control to estimate background levels of captured viruses since CD45 is not incorporated in HIV-1 (14) . The two virus stocks made in 293T cells or expanded in human lymphoid tissue histocultures were similarly captured (Fig. 7B) . These results support the idea that HIV-1 particles originating from a natural cellular reservoir such as lymphoid tissue do acquire levels of host-encoded ICAM-1 that are sufficient to modulate the virus life cycle.
Comparable levels of host-derived ICAM-1 are found on virions produced either by transfected 293T cells or human
DISCUSSION
It is currently well accepted that HIV-1 incorporates not only virally encoded proteins but also several membrane proteins derived from host cells during the budding process (reviewed in reference 62). Several reports have shown that the presence of host-derived proteins on the surface of the virion has several significant functional consequences for the biology of HIV-1, although the precise contribution of these host proteins in HIV-1 pathogenesis remains to be clarified. In an attempt to shed light on the physiological significance of finding host proteins in the envelope of HIV-1, the possible consequences of functional ICAM-1 proteins on HIV-1 particles were investigated in lymphoid organs. These tissues were deliberately chosen because they are considered to be the major reservoirs of HIV-1 and sites of intense viral replication. In this work, we made use of an experimental system based on the ex vivo culture of human tonsillar tissue. This cell culture model has been used to study various aspects of HIV-1 pathogenesis (23, 24, 26, 29, 41) . Some of the most notable features of the ex vivo human tonsillar system are the lack of any requirement for exogenous activating stimuli to achieve productive HIV-1 infection and the preservation of their general cytoarchitecture, including a network of FDCs (23, 24) .
Our results indicate that a high proportion of cells found in human lymphoid tissues cultured ex vivo expressed high levels of surface LFA-1 and that replication of HIV-1 particles bearing distinct tropism was significantly augmented by the acquisition of host ICAM-1 protein ( Fig. 1 and 2) . The significance of ICAM-1-LFA-1 interaction in the enhancement of virus infectivity was demonstrated by its abrogation when anti-ICAM-1 and anti-LFA-1 blocking antibodies were used (Fig.  3) . The upregulating effect on the replicative capacity of ICAM-1/POS viruses was further accentuated by inducing conformational changes that increase both the avidity and the affinity of LFA-1 for its ICAM-1 ligand (Fig. 4) . Incorporation of host-encoded ICAM-1 was associated with a more dramatic CD4 ϩ -T-cell depletion mediated by HIV-1 variants that use (C) The ratio of CD4 ϩ to CD8 ϩ T cells as a percentage of the uninfected control cells from the same donor is indicated at the top of each bar for each virus preparation used. The results are given as pooled data on two tissue blocks from the same donor in four separate wells (i.e., eight tissue blocks) and are representative of experiments with tissue from three donors. CXCR4 (i.e., T-tropic) (Fig. 5 ). The observation that infection of human lymphoid tissue with primary R5 and X4 isolates of HIV-1 was severely limited by blocking the host protein functions by an inhibitor of ICAM-1-LFA-1 interaction represents evidence that virion-anchored host ICAM-1 contributes to pathogenesis in vivo (Fig. 6) . The physiological relevance of our findings is further strengthened by the fact that macro-phage-tropic and T-tropic strains of HIV-1 do incorporate noticeable amounts of host ICAM-1 when expanded in a cellular setting that maintains the mixed cell populations and tissue cytoarchitecture that is normally present within human lymphoid tissue in vivo (Fig. 7) .
The mechanism(s) by which virally embedded host ICAM-1 can contribute to the life cycle of HIV-1 in human lymphoid FIG. 6. Replication of X4 and R5 clinical HIV-1 isolates in human lymphoid tissue is reduced by a single pretreatment with a blocking anti-ICAM-1 antibody. Two primary isolates of HIV-1 that were expanded in human mononuclear cells were initially pretreated either with the anti-ICAM-1 RR1/1.1.1 blocking antibody or with an isotype-matched irrelevant control antibody. Next, the replication kinetics of such treated virus preparations in human lymphoid tissues was assessed by p24 measurements. The results shown are the mean values Ϯ the SD of two tissue blocks from the same donor in four separate wells (i.e., eight tissue blocks) and are representative of experiments with tissue from three donors.
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HOST ICAM-1 AND HIV-1 PRODUCTION IN TONSILS tissue remains unclear. However, it can be proposed that the attachment process to the surface of host cells is the most likely benefactor of the presence of ICAM-1 in the HIV-1 envelope. Indeed, although it is currently clear that the attachment process is dominated by binding of virion-associated gp120 to the cellular CD4-coreceptor complex, other secondary interactions between the viral entity and the cell surface have been proposed to positively influence HIV-1-cell binding (63) . This postulate is strengthened when we consider that histocultures of human lymphoid tissue preserve a network of FDCs (24) and that the adhesion proteins ICAM-1 (CD54) and LFA-1 (CD11a) play an important role in the trapping of HIV-1 particles on the surface of FDCs (22) . Since active viral replication is found in cells surrounding FDCs, which can trap large quantities of virus (estimated at 10 10 to 10 11 viruses) (11, 33, 48, 53, 57) , the possible interaction between virion-bound host ICAM-1 and LFA-1 expressed on the surface of FDCs can contribute to an increase in the amount of virus trapped in the lymph nodes resulting in a quantitatively more important transfer of HIV-1 particles to target cells. Infection efficiency with ICAM-1-bearing virions can also be enhanced because a high proportion of CD4 ϩ T cells are activated (25 to 50%) in the lymphoid tissues of HIV-1-infected patients (13) , and such a T-cell activation event is known to result in surface expression of a high-affinity-high-avidity LFA-1 state. AIDS is a multifaceted disease that starts with HIV-1 infection of CD4 ϩ T cells and eventually leads to an inexorable deterioration of lymphoid tissue architecture (16) . This is accompanied by a massive death of CD4 ϩ T lymphocytes, along with destruction and/or dysfunction of various CD4 ϩ cells that are not productively infected by the virus (i.e., bystander cells) (6, 28, 59) . Studies with human peripheral blood mononuclear cells transplanted into immunodeficient mice have revealed complex relationships among viral replication rates, cellular tropism, and CD4 ϩ -T-cell depletion (32, 44, 55) . Other experiments with human lymphoid tissue ex vivo have also demonstrated a strong link between T-cell tropism and CD4 ϩ -T-cell depletion (23, 24) . In the present study, we provide evidence that the incorporation process of host ICAM-1 in the mature HIV-1 particle can be added to the list of killing mechanisms, both direct and indirect, that has been proposed to explain the massive depletion of CD4 ϩ T lymphocytes seen in HIV-1infected individuals (reviewed in reference 56). Our data are in agreement with previous reports showing that human HIV-1 coreceptor preferences determine target T-cell depletion and cellular tropism in human lymphoid tissue and that patients harboring X4 viruses progress to AIDS more rapidly than do similar cohorts where the majority of viruses bears a R5 phenotype (8, 27, 30, 38, 55, 61) . It can thus be proposed that the acquisition of host-derived ICAM-1 protein by HIV-1 strains FIG. 7 . T-tropic and M-tropic isolates of HIV-1 incorporate functionally relevant levels of cellular ICAM-1 when produced in histocultures of human tonsils. (A) Mechanically disrupted single-cell suspensions from tissue blocks were stained with a monoclonal anti-ICAM-1 antibody (clone RR1/1.1.1), followed by treatment with a phycoerythrin-conjugated goat anti-mouse IgG antibody. (B) The indicated virus preparations (2.5 ng of p24) were subjected to a capture virus assay by using magnetic beads coated with either an anti-ICAM-1 (clone RR1/1.1.1) or an isotype-matched anti-CD45RO antibody (clone UCHL-1). The amount of virus captured by each antibody was estimated with the use of a virus p24 antigen capture assay. Magnetic beads coated with the anti-CD45RO antibody served as controls to determine background levels of captured viruses. The data shown represent the ratio of captured virions with antibody reactive with human ICAM-1 and CD45RO, respectively. that utilize CXCR4 will accelerate the progression of the disease.
In summary, this series of investigations demonstrates that the incorporation of host ICAM-1 protein into HIV-1 bearing distinct tropism could have profound effects on the biology of this retrovirus when infection is allowed to proceed in human lymphoid tissues, which are considered major anatomical sites for the establishment and propagation of HIV-1 infection. This observation is highly relevant for in vivo situations since it reveals new potential pathological mechanisms for HIV-1.
